The membrane-bound ATPase of Mycoplasma gallisepticum selectively hydrolyzed purine nucleoside triphosphates and dATP. ADP, although not a substrate, inhibited ATP hydrolysis. The enzyme exhibited a pH optimum of 7.0 to 7.5 and an obligatory requirement for divalent cations. Dicyclohexylcarbodiimide at a concentration of 1 mM inhibited 95% of the ATPase activity at 37°C, with 50% inhibition occurring at 22 ,IM dicyclohexylcarbodiimide. Sodium or potassium (or both) failed to stimulate activity by greater than 37%.
The membrane-bound ATPase of Mycoplasma gallisepticum plays a central role in cell volume regulation (25, 34) . To understand the mechanism by which the ATPase functions in this manner, the properties of the membranebound enzyme have been studied. Of particular relevance to studies of volume regulation is the identification of the ion pumped by the enzyme.
Studies of the ATPase in two related organisms have been reported. Jinks et al. (21) reported a fourfold stimulation of ATPase activity by Na+ in Acholeplasma laidlawii and concluded that the enzyme translocated Na+ across the membrane. Benyoucef et al. (6) postulated the existence of ATP-dependent Na+-K+ exchange in Mycoplasma mycoides var. Capri. Studies reported in this communication demonstrate that the ATPase of M. gallisepticum has an obligatory requirement for divalent cations and hydrolyzes purine nucleoside triphosphates and dATP with equal efficiency. The enzyme is quite sensitive to dicyclohexylcarbodiimide (DCCD), azide, diethylstilbestrol, mercurials, and ADP, but is relatively less sensitive to vanadate. The enzyme is only slightly stimulated by monovalent cations. These findings plus other properties of this system are consistent with the hypothesis that this ATPase is a proton pump.
MATERIALS AND METHODS Preparation of membranes. Membranes were prepared by osmotic lysis after loading with glycerol by the method of Razin and Rottem (31) .
Preparation of M. gallisepticum and Escherichia coli lipids was by the method of Ames (3) . ATPase assay. In a typical assay the reaction mixture (0.5 ml) contained 5 mM NaCl, 5 mM MgSO4 or MgCl2, 0.5 mM dithiothreitol or 2-mercaptoethanol, 50 mM buffer (pH 7.0 to 7.5), and 5 to 100 ,ug of freshly thawed membrane protein. start the reaction, 5 mM Na2-ATP (pH 7.0) was added, and the mixture was incubated for 10 or 15 min. The reaction was stopped by the addition of 0.1 ml of ice-cold 30% (wt/vol) trichloroacetic acid and centrifuged at 12,000 x g for 1 min in a Beckmati Microfuge. The supernatants were used for the determination of inorganic phosphate by the method of Ames and Dubin (4).
Protein determination. Protein was determined by the method of Peterson (29) . In this procedure, proteins were first solubilized with deoxycholate and then precipitated with trichloroacetic acid. Sodium dodecyl sulfate was included during the incubation with Folin-Ciocalteu phenol reagent.
Solubilization of the ATPase activity with dipolar ionic sulfobetaines. Freshly thawed membranes at a final concentration of 1 mg of protein per ml were solubilized with detergent for 30 min at 4°C in the presence of 10 mM Tris (pH 7.4) and 1 mM dithiothreitol. After a sample of the incubation mixture (unfractionated) was removed, the remainder was centrifuged for 60 min at 4°C in a Beckman 50 Ti rotor at 45,000 rpm. The supernatant was removed, and the pellet was suspended in 10 mM Tris (pH 7.4). ATPase activities and protein determinations on the unfractionated, supernatant, and suspended pellet samples were performed as described above. (Tables 2 and 3 ). The relatively weak stimulation of enzyme activity by monovalent cations is consistent with nonspecific salt effects.
Inhibitors. A variety of potential inhibitors was examined. Access to both faces of the membrane by the inhibitors was assured by the known leakiness of M. gallisepticum membranes prepared in the manner described previously (30, 39 ). The first inhibitor tested was DCCD, which is known to inhibit the H+-ATPases of bacteria (16, 32) , mitochondria (37) , plant roots (23) , and fungi (13) . DCCD inhibited the ATPase of M. gallisepticum in a monotonic manner (Fig. 1) , (17) . It was found that the DCCDinsensitive ATPase activity of M. gallisepticum was not stimulated by Na+ or K+.
Azide is a potent inhibitor for the FoF1 ATPase of mitochondria (13) and of several bacteria (11, 32) , but has little effect on the membrane-bound ATPase of A. laidlawii (21) or the purified enzyme from this species (9, 24) . Potassium azide inhibited the ATPase of M. gallisepticum by 50% at a concentration of approximately 2.6 mM and 69% at 10 mM.
Orthovanadate in the micromolar concentration range (20, 27) , and the H+-ATPase of fungi (13) . On the other hand it has little or no effect on the FoF1 ATPases (27). Benyoucef et al. (6) found that 500 ,uM vanadate failed to inhibit the ATPase of Mycoplasma mycoides var. Capri, whereas Lewis and McElhaney (24) reported that 500 ,uM vanadate inhibited the purified ATPase of A. laidlawii by 50%. In the experiments on M. gallisepticum reported here with vanadate, reducing agents were omitted from the membrane preparation and from the ATPase assay because of the need to maintain vanadate in the necessary redox state. In addition, K+ was included because of the known ability of K+ to stimulate vanadate inhibition of the Na+,K+-ATPase (27) . In each experiment plasma membranes of N. crassa, known to (13) , were used as a control to assure that the inhibitor was active. As demonstrated in Fig. 1, vanadate Ouabain, the classical inhibitor of the animal cell Na+,K+-ATPase (12), does not inhibit the membrane-bound ATPases of M. mycoides var. Capri (6), A. laidlawii (35) , or the purified enzyme ofA. laidlawii (9, 24) . The ATPase of M. gallisepticum is also ouabain insensitive (Table 4) .
Oligomycin inhibits the mitochondrial F1Fo ATPase and, at high concentrations, the Na+,K+-ATPase (38), but not the bacterial FoF, ATPase (22) . Oligomycin (100 ,ug/ml) inhibited the A. laidlawii purified ATPase by only 15% (24) and also failed to inhibit the M. gallisepticum activity (Table 4) .
Efrapeptin inhibits FoF, ATPases (10, 17, 22) , but failed to inhibit the ATPase in M. gallisepticum (Table 4) . Diethylstilbestrol is known to inhibit the fungal plasma membrane H+-ATPase (13), the FoF1 ATPase of S. faecalis (17) , the plasma membrane ATPase of higher plants (5), and various transport ATPases of animal cells (18) . Diethylstilbestrol (100 p.g/ml) inhibited the M. gallisepticum ATPase by 91% (Table 4) .
In agreement with Rottem and Razin (35) , the ATPase of M. gallisepticum was inhibitable by mercurials such as p-chloromercuribenzoate. The ATPase ofA. laidlawii is also sensitive to mercurials (21, 35) .
Solubilization of ATPase activity. Since the characterization of the membrane-associated ATPase revealed some unique properties, it was of interest to solubilize the enzyme for future purification and reconstitution.
It has long been known that the ATPase activity of A. laidlawii and various Mycoplasma spp. could not be removed from the membrane by simple washing in low-ionicstrength media with EDTA (28, 35) , in contrast to the F1Fo
ATPases of most bacteria (11) . Variation of ionic strength or pH or the addition of EDTA failed to extract the activity Attempts were made to solubilize the enzyme in active form by using detergents such as cholate, Triton X-100, and Nonidet P-40, but the enzyme was rapidly inactivated. When octylglucoside (0.88%, wt/vol) was used to extract membranes (1 mg of protein per ml) for 30 min at 4°C, it inactivated 45% of the initial activity and solubilized 80% of the remaining activity with a 1.4-fold increase in the specific activity. The addition of 1 mM EDTA, 2.5 mM ATP, 30% (wt/wt) glycerol, or E. coli phospholipid during the solubilization failed to prevent inactivation or increase the specific activity of the octylglucoside-solubilized enzyme.
A series of dipolar ionic sulfobetaines of various alkyl chain lengths (14) was then tested. Zwittergent 3-12 solubilized the ATPase activity, with at least a twofold increase in specific activity and only 20 to 40% inactivation ( Table 5 ). The addition of 24% (wt/wt) glycerol to the dipolar ionic sulfobetaine-solubilized supematant resulted in preservation of solubilized activity for at least two weeks (Table 6 ) with retention of DCCD sensitivity (data not shown). The optimal protein concentration for solubilization (with 0.1% [wtlvol] Zwittergent 3-12) was found to be 1 to 2 mg/ml. The membrane-bound and solubilized ATPase activities exhibited nearly identical inhibition by DCCD and ADP ( Table 7 ), indicating that the solubilized enzyme retained the properties of the membrane-associated form. The solubilized enzyme could be concentrated up to fivefold by ultrafiltration without loss of activity. The properties of the dipolar ionic detergent-solubilized ATPase are ideal for purification attempts.
DISCUSSION
The evidence presented here and in other investigations from this laboratory (25, 26, 34) is consistent with the view that the M. gallisepticum ATPase functions as an electrogenic H+ pump, a physiological process found in virtually all microorganisms (11) . The evidence for this conclusion can be summarized as follows. (i) The energized membrane of M. gallisepticum generates a proton motive force consisting of a membrane potential (inside negative) and a pH gradient (inside alkaline) (34) . (ii) DCCD inhibits the ATPase 95% ( Fig. 1) and collapses both the ApH and the A* (25) . (iii) Monovalent cations have very little effect on the ATPase activity (Tables 1 through 3) . Of special interest is the question of monovalent cation effects on the ATPase, since Na+-translocating ATPases always show a marked Na+ stimulation of ATP hydrolysis in vitro. A 5-to 10-fold stimulation of ATPase activity has been observed for the Na+,K+-ATPase of animal cells (36) and an Na+-ATPase in bacteria (19) . In H+-translocating ATPases, on the other hand, nonspecific salt effects of several cations are frequently observed (1, 2, 7, 33). For example, monovalent cations stimulate (20 to 100%) ATPases known to translocate H+ such as those found in N. crassa (7) and bacteria (1, 15, 33) .
The effect of inhibitors on the ATPase is not the same as that found with such enzymes in other organisms. The M. gallisepticum enzyme is inhibited by DCCD and azide, two classical inhibitors of the FoF, H+-translocating ATPases (16, 32) . However, DCCD blocks the M. gallisepticum at a concentration (Ki, 22 ,uM) somewhat greater than that required for the FoF, ATPase, although at a similar concentration required for the ATPase of yeast and fungi (13) . Although vanadate inhibits the M. gallisepticum enzyme, the concentration required for one-half maximum inhibition (20 ,uM) is far higher than that required to block the cationATPases with phosphorylated intermediates found in animal cells, yeast, and Neurospora sp. (8, 13 
